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Abstract 

Retinal ischemia promotes the upregulation of VEGF expression and accounts for most pathological features of retinal 
neovascularization (NV). Paradoxically, VEGF remains the pivotal stimulator of ocular NV, despite the absence of ischemia. 
Therefore, the central question arises as to how the various molecular mechanisms interplay in ischemia-independent NV. 
It's been suggested that NFkB plays a crucial role in the pathogenesis of diabetic vasculopathies. Here, we dissected the 
molecular mechanism of ocular NV in the rho/VEGF transgenic mouse model, which develops subretinal NV in ischemia- 
independent microenvironment. Furthermore, we examined whether intravitreal administration of YC-1, a HIF-1 inhibitor, 
can modulate the activation of NFkB and its downstream angiogenic signaling in the mouse retina. We demonstrated that 
YC-1 inhibited retinal NFKB/p65 DNA binding activity and downregulated NFKB/p65, FAK, ot5(31, EPO, ET-1, and MMP-9 
expression at the message and the protein levels. In addition, YC-1 significantly inhibited subretinal NV by reducing the 
number of neovascular lesions, the area of each lesion and the total area of NV per retina. We further investigated the 
influence of VEGF signaling pathway on HIF-1 a transcriptional activity to substantiate that this mouse model develops 
subretinal NV in an ischemia-independent microenvironment. Our data demonstrated that VEGF overexpression didn't have 
any impact on HIF-1 a transcriptional activity, whereas treatment with YC-1 significantly inhibited endogenous HIF-1 activity. 
Our study suggests that retinal NFkB transcriptional activity is pivotal to ischemia-independent mechanisms, which lead to 
the local activation of angiogenic cascades. Our data also indicate that the nexus between VEGF and NFkB is implicated in 
triggering the angiogenic cascade that promotes retinal NV. Hence, targeting the VEGF/NFkB axis may act in a negative 
feedback loop to suppress ocular NV. This study suggests that inhibition of NFkB activation may be a means of turning off a 
"master switch" responsible for initiating and perpetuating these ocular pathologies. 
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Introduction 

Retinal neovascularization (NV) is the major cause of severe 
vision loss and irreversible blindness, affecting people of all ages 
[1]. Retinal NV is characterized by the abnormal formation of 
new vessels in the retina and in the vitreous [2]. In addition, 
angiogenic factors, such as vascular endothelial growth factor 
(VEGF) play a prominent role in promoting retinal NV [3] . VEGF 
is an ischemia-induced molecule [4,2], which acts as a major 
angiogenic stimulator in the signaling cascade of ischemia-induced 
retinal NV [5,6] . Most VEGF-based animal models have focused 
primarily on retinal NV, which occurs in the ischemic phase of 
various ocular pathologies. 

Nuclear factor kappa-B (NFkB) is a heterodimeric complex of 
Rel family of proteins that is physically confined to the cytoplasm 
in unstimulated cells through the binding to inhibitor of kB (IkB) 
proteins [7]. In most cells the predominant form of active NFkB 
consists of a p65/p50 heterodimer although other homo/ 
heterodimers also form [7]. Upon exposure of cells to growth 
factors such as epidermal growth factor (EGF), cytokines, 
interleukin-l(IL-l), and tumor necrosis factor a (TNF-a), IkB is 



proteolytically cleaved to release its p50/p65 subunits, which 
undergo nuclear translocation. NFkB binds to a specific DNA 
response element; (5'-GGGPuNNNPyPyCC-3'), in the promoter 
regions of target genes, and activates their transcription [8]. It has 
been indicated that VEGF activates NFkB signaling pathway, 
which ultimately triggers the elevation of various pro-angiogenic 
mediators that contribute to the development and progression of 
retinal microvasculopathies. We have previously demonstrated the 
molecular link between VEGF and NFkB under a hypoxia- 
independent microenvironment in vitro [9]. 

YC-1 [(3-(5'-Hydroxymethyl-2'-furyl)-l-benzyl indazole]; a 
small molecule inhibitor of HIF- 1 , which activates soluble guanylyl 
cyclase (sGC) independendy of nitric oxide (NO) in vivo [10]. 
Previously, it has been indicated that YC-1 attenuates NFkB 
signaling and the angiogenesis signaling cascade in different cell 
types [11,9]. Here we extend our in vitro findings to an in vivo 
model and investigate the mechanism of ocular NV under 
ischemia-independent microenvironment. We have further exam- 
ined the influence of YC-1 on the inhibition of subretinal NV in 
the Rhodopsin/VEGF (rho/VEGF) transgenic mouse model, 
which represents an ischemia-independent model of ocular NV 
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[12,13]. Rho/VEGF mouse contains the VEGF gene that is 
placed under the regulation of the rhodopsin promoter, and 
therefore, it manifests an inducible expression of VEGF in the 
retinal photoreceptors that inflicts severe subretinal NV within the 
retina and traction retinal detachment [14]. 

Materials and Methods 

Ethics Statement 

All experiments were conducted in compliance with the laws 
and the regulations of the Kingdom of Saudi Arabia. All animal 
protocols were approved by the Institutional Review Board and 
conformed to the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research statement of the Association for 
Research in Vision and Ophthalmology. In addition, this 
investigation was further approved by the Basic Research 
Committee (BRC) and the Animal Care and Use Committee 
(ACUC) at King Faisal Specialist Hospital and Research Centre, 
Riyadh, Saudi Arabia. The approval ID number is "RAC #2100 
016". This research study was also approved by the Human Ethics 
and the Institutional Review Board Committees (HEC/IRB), 
King Khaled Eye Specialist Hospital Riyadh, Saudi Arabia. The 
permit number/approval ID is "RP 0630-P". All surgeries were 
performed while the animals were under ketamine and xylazine 
anesthesia, and all efforts were made to minimize suffering. All 
animals were treated according to the protocols that were 
compliant and consistent with the policies and procedures of the 
HEC/IRB; BRC and ACUC committees, in order to eliminate 
the impact of any cohort and/or uncontrolled/unexamined 
environmental effects. 

Reagents 

YC-l was purchased from A.G. Scientific (San Diego, CA) and 
dissolved in sterile DMSO. SN50 [a cell-permeable synthetic 
peptide, known to inhibit the nuclear translocation of NFkB, and 
its negative control mutant peptide SN50M were obtained from 
Calbiochem [San Diego, CA]. Mouse monoclonal antibody that 
recognizes the active subunit (12H11) of RELA (Nuclear Factor 
Kappa B (NFkB)/ P 65) (MAB3026) was obtained from MilHpore 
(Billerica, MA, USA). Monoclonal rat anti-mouse Stromal Cell- 
Derived Factor-1 (SDF-1)/CXCL12 antibody (Clone 247506) was 
obtained from R&D Systems (Minneapolis, MN). Goat polyclonal 
anti-mouse C-X-C Chemokine Receptor Type 4 (CXCR4) 
antibody was obtained from LifeSpan Biosciences (Seattie, WA). 
Monoclonal anti-mouse Focal Adhesion Kinase (FAK) Antibody 
was purchased from Thermo Scientific Pierce Antibodies (Rock- 
ford, IL). Anti-mouse integrin Alpha-5 Beta-1 (a5(5l) monoclonal 
antibody was obtained from Millipore (Billerica, MA, USA). 
Rabbit polyclonal anti-mouse Erythropoietin (EPO) antibody was 
purchased from Bioss Inc. (Woburn, MA). Rabbit anti-Endofhelin- 
1 (ET-1) polyclonal antibody was purchased from Bioss Inc. 
(Woburn, MA). Rabbit polyclonal anti-mouse Matrix Metallopro- 
teinase-9 (MMP-9) antibody was obtained from LifeSpan Biosci- 
ences (Seattle, WA). Rabbit anti-mouse fS-actin polyclonal 
antibody was purchased from Abeam (Cambridge, MA). Rat 
anti-Mouse IgG was purchased from eBioscience (San Diego, CA) 
and was used as an isotype control antibody for immunohisto- 
chemistry studies. 

Animals and Experimental Design 

C57BL/6 mice, which have been grown under ambient 
conditions, were used as negative controls. Whereas hemizygous 
rho/VEGF (line V6) transgenic mice in a C57BL/ 6 background (a 
gift of Professor Peter Campochiaro, Department of Ophthalmol- 



ogy and Neuroscience, The Johns Hopkins School of Medicine, 
Baltimore, MD), were used as the experimental animal model. All 
animals were housed and bred under pathogen-free conditions. As 
oudined in Fig. 1; Ocular NV was induced in rho/VEGF animals 
through the presence of the rhodopsin promoter, which drives the 
expression of VEGF in the photoreceptors, as described previously 
[12,13]. The rho/VEGF neonates [Tag(RHO-VEGFA)V- 
6Camp] were genotyped by PCR and Southern blotting of tail 
DNA. These mice definitely develop vascular abnormalities 
especially in the eyes. These pathological anomalies include 
retinal neovascularization [12,13,14,15]. Mice were divided into 
four separate groups: Group I (Negative Control Group): Non- 
treated C57BL/6 mice (n = 15); Group II (Positive Control Group): 
Non-treated Rho/VEGF (n= 15); Group III (Mock-Treated 
Group): DMSO-treated Rho/VEGF mice (n= 15) — Mice 
received a sextuple regimen of intravitreous injections of DMSO 
(0.2%) at P6, P9, P12, P15, P18, and P21; and Group IV (Drug- 
Treated Group): YC-l -treated Rho/VEGF mice (n= 15) — Mice 
received a sextuple regimen of intravitreous injections of 3 JJ.1 of 
YC-l (100 uM) at P6, P9, P12, P15, P18, and P21 (Fig. 1). For 
selective experiments that required the quantification of NFkB 
DNA binding activity and/ or the measurements of NFkB 
expression at the message and the protein levels, two additional 
groups of mice were added to the experimental design; Group V 
(SN5Q-Treated Group): SN50-treated Rho/VEGF mice (n=15) 
— Mice received a sextuple regimen of intravitreous injections of 
the NFkB competitive inhibitor peptide SN50 (20 uM) at P6, P9, 
P12, P15, P18, and P21 (Fig. 1). Whereas, Group VI (SN50M- 
Treated Group) — SN50M-treated Rho/VEGF mice (n=15), 
received a sextuple regimen of intravitreous injections of the 
mutant control SN50M [20 uM] at P6, P9, PI 2, PI 5, PI 8, and 
P21 (Fig. 1). Animals were sacrificed at P21 and P24. At P24, the 
extent of subretinal NV was measured. 

Retinal Fluorescein Angiography with High-Molecular- 
Weight Fluorescein-Dextran 

After the onset of the VEGF transgene expression in rho/VEGF 
mice postnatal period; subgroups of mice were sacrificed, and the 
baseline subretinal NV was measured by image analysis at P21 
and P24. The remainders of the rho/VEGF mouse colony were 
divided into three groups; the first group (n = 15) was left 
untreated. Whereas the second group (n = 15) received a sextuple 
regimen of intravitreous injections of DMSO (0.2%) to both eyes 
at P6, P9, P12, P15, P18, and P21. Mice in the third group (n= 15) 
were injected intravitreally with YC-l (100 |J,M) to both eyes at P6, 
P9, P12, P15, P18, and P21 (sextuple injections). At 24 days post 
therapy, mice were anesthetized and perfused through the left 
ventricle with 2 ml of 25 mg/ml fluorescein-labeled dextran 
(2xl0 6 average molecular weight; Sigma, St. Louis, MO) in 
PBS, which was allowed to circulate for 2 min before the animals 
were euthanized and the eyes were enucleated and fixed for 24 h 
at 4°C in 4% paraformaldehyde/PBS. A dissecting microscope 
was used to remove the cornea and the lens, and the entire retina 
was carefully dissected from the eyecup, radially cut from the edge 
of the retina to the equator in all four quadrants, and flat-mounted 
in Aquamount Mounting Medium [Polysciences, Warrington, 
PA] , coverslips were carefully placed over the retina, and the edges 
of the coverslips were sealed. The retinas were examined by 
fluorescence microscopy Axiovert 135 (Carl Zeiss Micro-Imaging, 
Inc., Thornwood, NY) at low (50 x) and higher (400 x) magnifi- 
cation by using Axiocam digital camera (Carl Zeiss Micro- 
Imaging, Inc., Thornwood, NY), which provides a narrow depth 
of field so that when focusing on the outer edge of the retina, it will 
enable subretinal focus for neovascular buds on the outer surface 
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Figure 1. Experimental Approach of Targeting Retinal Vasculature in rho/VEGF Mouse Model. C57BL/6 mice, which have been grown 
under ambient conditions, were used as controls. Whereas hemizygous rho/VEGF (line V6) transgenic mice in a C57BL/6 background, were used as 
the experimental animal model. Ocular NV was developed in rho/VEGF animals through the presence of the rhodopsin promoter, which drove the 
expression of VEGF in the photoreceptors. Mice were divided into four separate groups: Group I {Negative Control Group): Non-treated C57BL/6 mice 
(n = 1 5); Group II (Positive Control Group): Non-treated Rho/VEGF (n = 1 5); Group III (Mock-Treated Group): DMSO-treated Rho/VEGF mice (n = 1 5) — 
Mice received a sextuple regimen of intravitreous injections of either DMSO (0.2%) at P6, P9, PI 2, PI 5, PI 8, and P21; and Group IV (Drug-Treated 
Group): YC-1 -treated Rho/VEGF mice (n = 15) — Mice received a sextuple regimen of intravitreous injections of YC-1 (100 u.M) at P6, P9, PI 2, P15, PI 8, 
and P21]. At P24, the extent of subretinal NV was measured. For selective experiments that required the quantification of NFkB DNA binding activity 
and/or the measurements of NFkB expression at the message and the protein levels, two additional groups of mice were added to the experimental 
design; Group V (SN50-Treated Group): SN50-treated Rho/VEGF mice (n = 1 5) — Mice received a sextuple regimen of intravitreous injections of the 
NFkB competitive inhibitor peptide SN50 (20 uM) at P6, P9, P12, PI 5, PI 8, and P21. Whereas, Group VI (SN50M-Treated Group) — SN50M-treated Rho/ 
VEGF mice (n = 15), received a sextuple regimen of intravitreous injections of the mutant control SN50M [20 |iM] at P6, P9, PI 2, P15, P18, and P21. 
doi:1 0.1 371 /journal.pone.01 01 602.g001 



of the retina, meanwhile the retinal vessels are out of focus in the 
background, which allows easy delineation of the subretinal NV. 
The outer edge of the retina, which corresponds to the subretinal 
space in vivo, is easily identified and therefore from slide the focal 
plane was standardized. 

Quantitation of NV on Flat Mounts 

In rho/VEGF transgenic mouse model, subretinal NV was 
measured on retinal flat mounts. Retinas were mounted with 
photoreceptor side up and examined with low (50 x) and higher 
(400 x) magnification. Three investigators blinded to treatment 
group have utilized Metamorph digital image analysis software 
(version 7.1, Universal Imaging, Downingtown, PA) to delineate 
each of the lesions and quantifying the subretinal neovascular 
growth area per retina by; 1) calculating the number of buds of 
NV in each retina, 2) the area of neovascular lesion/ retina, and 3) 



the total area of NV on the outer surface of the retina per eye. 
Measurements were repeated three times for each retina and the 
mean was used for one experimental value; there was insignificant 
variability among triplicate measurements. 

Measurement of Activation of Retinal NFkB 

Preparation of Nuclear Extracts. Eyes were enucleated 
from the following groups I, II, III, and IV. Nuclear extraction of 
retinal protein was performed as described previously. The total 
number of animals was 60 (n = 60), and the number of animals in 
each experimental group was 15 (n=15). Briefly, retinas were 
removed; snap frozen and stored at — 70°C. Pooled retinas were 
homogenized with a mechanical homogenizer in five pellet 
volumes of Buffer A (20 mM Tris (pH 7.6), 10 mM KC1, 
0.2 mM EDTA, 20% (w/v) glycerol, 1.5 mM MgCl 2 , 2 mM 
dithiothreitol (DTT), 1 mM Na 3 V0 4 and protease inhibitors; 
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Complete; Roche Diagnostics (Mannheim, Germany). Nuclei were 
pelleted (2500 g, 10 minutes) and resuspended in two pellet 
volumes of Buffer B (identical with Buffer A except that KC1 was 
increased to 0.42 M). Nuclei and debris were removed by 
centrifugation (15,000 20 minutes), and the supernatant was 
dialyzed against one change of buffer Z (20 mM Tris-HCl 
(pH 7.8), 0.1 M KC1, 0.2 mM EDTA, and 20% glycerol) for at 
least 3 hours at 4°C in dialysis cassettes (Dialyze Z; Pierce, Inc.). 
Protein concentration was measured with the bicinchoninic acid 
assay. 

Evaluation of NFKB/p65 Transcription Factor Activity 
(ELISA). Activation of the transcription factor NFkB was 
measured using a DNA-binding assay (Trans-AM NFlcB/p65 
Transcription Factor Elisa Assay Kit, Active Motif, Carlsbad, CA) 
according to manufacturer's instructions. The total number of 
animals was 60 (n = 60), and the number of animals in each 
experimental group was 15 (n = 15). Briefly, retinal extracts were 
collected from all mouse groups: Non-treated C57BL/6 mice; 
Non-treated Rho/VEGF mice; DMSO-treated Rho/VEGF mice; 
YC-1 -treated Rho/VEGF mice; SN50-treated Rho/VEGF mice; 
SN50M-treated Rho/VEGF mice (n= 15), received a sextuple 
regimen of intravitreous injections of the mutant control SN50M 
[20 mM] at P6, P9, PI 2, PI 5, PI 8, and P21. Animals were 
sacrificed at P21 and P24. At P24, the extent of subretinal NV was 
measured. Samples were collected from 2 mg of the retinal nuclear 
extracts and then were incubated with an oligonucleotide 
containing the NFkB consensus (5'-GGGACTTTCC-3') bound 
to a 96-well plate. After extensive washes, the NFkB complexes 
bound to the oligonucleotide were incubated with an antibody 
directed against the NFKB/p65 subunit at a dilution 1:1000. After 
washing, the plates were subsequently incubated with a secondary 
antibody conjugated to horseradish peroxidase (1:1000), and the 
peroxidase reaction was quantified at 450 nm with a reference 
wavelength of 655 nm. Results are expressed in absorbance units 
corrected for interference at the reference wavelength. 

Quantification of HIF-1a Transcriptional Activity 

The DNA binding activity of HIF- 1 a was evaluated using the 
HIF-lot transcription factor assay kit (Cayman Chemical, Ann 
Arbor, MI, USA) according to the manufacturer's instructions. 
The total number of animals was 60 (n = 60), and the number of 
animals in each experimental group was 15 (n= 15). Nuclear 
extracts were collected from all retinas, prepared and incubated in 
96-well plates coated with immobilized double-stranded oligonu- 
cleotides containing the HIF- la response element (5'-ACGTG- 
3'). The HIF-lot transcription factor complex was detected by the 
addition of a specific primary antibody directed against HIF- 1 a, 
visualized by an anti-IgG horseradish peroxidase (HRP)-conjugate 
and quantified by measuring the absorbance at 450 nm. The 
DNA binding activity of HIF- la was expressed relative to the 
value of the control. The experiments were repeated 3 times and 
similar results were obtained. 

Quantitative RT-PCR 

Rho/VEGF mice and littermate controls were euthanized at 
P24, and retinas were isolated, snap frozen, pulverized, and placed 
in lysis buffer. The total number of animals was 60 (n = 60), and 
the number of animals in each experimental group was 15 (n = 15). 
RNA isolation was performed on all isolated retinas using an 
Uneasy kit (QIAGEN, Valencia, CA). To remove any contami- 
nating genomic DNA, RNA samples were treated with DNase I 
(Invitrogen, Carlsbad, CA) at room temperature for 15 min, and 
then cDNA was synthesized with reverse transcriptase (Super- 
Script III; Invitrogen) and 5 uM random hexamer. The mRNA 



levels for all genes (NFxB/p65, SDF-1, CXCR4, FAR, «5, jW, 
EPO, ET-1, and MMP-9) were quantified by Real time RT-PCR 
using the SYBR Green reaction mixture (QIAGEN) with 0.5 uM 
primers. 28S rRNA was used as a standard for normalization. 
Gene-specific primers were designed to encompass the genes of 
interest. Threshold cycle (Ct) values for the different samples were 
utilized for the calculation of gene expression fold change using the 
formula 2 to the minus power of delta delta ct. Fold changes in the 
gene expression relative to the jS-actin endogenous control gene 
were determined by the following equation: fold 
change = 2~ a ' ACt ', where change in threshold cycle (ACt) = Ct 
(gene of interest) — C T (fi-actiri) and A (AC T ) = AC T (treated)— AC T 
(untreated). 

Immunohistochemistry 

The total number of animals used in each experiment was 60 
(n = 60), and the number of animals in each experimental group 
was 15 (n — 15). The total number of tissue sections that were used 
in each experiment was 8 tissue sections per animal (n = 8). Mouse 
retinas were dissected and prepared for immunohistochemical 
analysis, fixed in 4% paraformaldehyde in 0.1 M PBS for 15 min 
at room temperature and embedded in paraffin, sectioned (5 |J.m). 
Tissue sections were deparaffinized, hydrated, and later exposed to 
heat-induced antigen retrieval using a microwave oven (three 5- 
min cycles in citrate buffer, pH 6.0), endogenous peroxidase was 
abolished with methanol, and hydrogen peroxide and nonspecific 
background staining was blocked by incubating the tissue sections 
for 5 min in the appropriate serum block. Subsequently, all slides 
were washed three times in PBS, and incubated for 1 hr with 
primary anti-(NFKB/p65, SDF-1, CXCR4, FAK, a5pi, EPO, 
ET-1, MMP-9, and P-actin) antibodies. Negative control exper- 
iments consisted of omission of the primary antibody and utilizing 
the appropriate isotype control antibody as a replacement. The 
sections were washed with TBST and incubated with EnVision 
Polymer HRP secondary antibody (DAKO, Carpinteria, CA) for 
30 min. All slides were stained with DAB solution and counter- 
stained with hematoxylin. Slides were cover slipped (Permount; 
Fisher Scientific, Fairlawn, NJ) and examined by light microscopy. 
Sections were visualized under a microscope (Zeiss Axiovert 135, 
Thornwood, NY), and images were acquired with digital camera 
(Carl Zeiss Micro-Imaging, Inc., Thornwood, NY). All retinas 
were examined at low (50 x) and higher (400 x) magnification 
objective. The staining intensity in our series ranged from a weak 
blush to moderate or strong. The staining intensity was further 
categorized as focal (<10%), patchy (10%-50%), and diffuse/ 
multifocal (>50%). For meaningful semiquantitative analysis, focal 
and/or weak staining was considered equivocal staining, and 
patchy or diffuse/multifocal staining was subcategorized as either 
moderate or strong staining. 

Immunohistochemical Image Analysis 

Immunostaining were captured using AxioCam digital micro- 
scope camera (Carl Zeiss Micro-Imaging, Inc., Thornwood, NY). 
All immunohistochemical analyses were measured by Metamorph 
digital image software (Molecular Devices, Sunnyvale, CA). 
Metamorph image analysis was conducted by setting the filter 
with excitation wavelengths 488. Metamorph image analysis 
software (version 7.1, Universal Imaging, Downingtown, PA) was 
used for image processing and quantitative analysis of positive 
immunostaining. Metamorph tools were used to set the threshold 
and regions of interest (ROIs). All images were captured at 
identical time and exposure settings, and they were all processed to 
the same scale. Images were first segmented on the basis of pixel 
intensity, which was done on a plane-by-plane basis for an image 
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stack. Briefly, each retinal section was scanned into Metamorph 
and five (5) fields/ slide were chosen from each section for analysis. 
One hundred and fifty (150) cells from each field were selected. 
The saved file was used to calibrate each image for specific pixel 
size. With the help of a free drawing tool, positively-stained areas 
were chosen and measured in total-pixels area. A threshold 
encompassing an intensity range of 100-250 gray-scale values was 
applied to the ROIs in the least brightly stained condition first. 
The data were also read and investigated by Matlab v6.5 script file 
software, which counted the total number of pixels that were 
above threshold value. This number was divided by the total 
number of pixels in each image to yield percent fluorescent pixels. 
To correct for background fluorescence, the threshold was 
adjusted for each experimental series, with concomitantly 
processed negative controls as the guide for setting background 
fluorescence. The background fluorescence intensities per pixel 
were subtracted from the experimental data by using a one-step 
erosion procedure, and then all remaining objects were counted. 
The same threshold was subsequently applied to all images. 
Protein staining was considered to be positive only when it 
exceeded the established threshold. Percent of positive protein 
staining expression above threshold in the total area selected was 
then calculated. The total staining fluorescence intensity per cell 
was calculated, and the average fluorescence intensity per pixel 
was determined by dividing the total intensity by the area of the 
cell measured in pixels. This was followed by measuring the 
average fluorescence intensity in each field. Data from multiple 
fields as indicated over several experiments were used to obtain the 
final results. The number of immunopositively-stained cells per 
image was then expressed per um 2 , and the average number per 
section was determined among five separate fields. 

Statistical Analysis 

All values obtained were expressed as mean value ± SEM. 
Statistical analysis was performed using a one-way analysis of 
variance (ANOVA) and a Tukey-Kramer post hoc test for multiple 
comparisons. Statistical significance was defined as *P<0.05; 
**P<0.01; ***P<0.001. 

Results 

Suppression of VEGF-lnduced Ocular NV by YC-1 

Ocular NV was induced in rho/VEGF animals through the 
presence of the rhodopsin promoter, which drives the expression 
of VEGF in the photoreceptors region. Depending on the 
designated animal group, mice received a sextuple regimen of 
intravitreous injections of YC-1, or DMSO, or SN50, or SN50M, 
or they were left untreated (Fig. 1). The number of neovascular 
buds and total area of NV on the outer surface of the retina were 
quantified by Metamorph digital imaging analysis, with three 
investigators masked with respect to treatment group. Retinas 
from group I mice (n= 15; P21 and P24) exhibited normal and 
healthy vascularization and without the presence of any lesions of 
ocular NV (Fig. 2 and Fig. 3A, B and C). Since there were no 
significant differences in subretinal NV between P2 1 and P24, we 
have therefore selected P24 as the baseline for all ensuing 
measurements. Retinas from DMSO-treated mice (n=15; P24) 
had numerous buds of NV (110±2), which was comparable to 
retinas from the transgenic rho/VEGF mouse group (Fig. 2 and 
Fig. 3A). In addition, retinas from DMSO-treated mice had a total 
NV area/retina, which was measured at 13.3±0.04 (mm x 10" 3 ) 
(Fig. 3B), and they exhibited the presence of extensive area of NV/ 
retina (7.81 ±1.94) (Fig. 3C). The efficacy of YC-1 and SN50 in 
the transgenic rho/VEGF mouse was assessed by evaluating the 



suppression of the development of neovascular foci following a 
sextuple intravitreal injection regimen to the eyes of 6, 9, 12, 15, 
18, and 21 -day-old homozygous rho/VEGF mice (Fig. 2 and 
Fig. 3A, 3B, and 3C). Furthermore, under low or high- 
magnification views, retinas from the YC-1- and SN50-treated 
groups (n = 15; P24) showed a significantly fewer neovascular buds 
compared to retinas from eyes injected with DMSO and SN50M, 
respectively (Fig. 2, and 3A). YC-1 treated retinas had NV 
measurements of 2.52±0.13 (Fig. 3B) and 1.20±0.40 (Fig. 3C), 
respectively, which was significantly (***P<0.001) less than the 
measurements in DMSO-treated mice. Moreover, SN50-treated 
retinas had neovascular measurements of 3.29±0.87 (Fig. 3B) and 
1.82 ±0.80 (Fig. 3C), respectively, which was significantly (***P< 
0.001) less than the measurements that were revealed in the 
SN50M-treated mice. Interestingly, when compared to SN50- 
treated retinas, retinas that were injected with YC-1 exhibited a 
more compelling formation of new and healthy vessels, i.e., 
physiological revascularization, which occupied the entire retina 
(Fig. 2). 

YC-1 Inhibits VEGF-lnduced NFKB/p65 Activation 

In order to verify the increase in the NFkB/ p65 binding activity 
was mediated by the influence of VEGF over-expression in the 
rho/VEGF mouse retinas, we measured the NFKB/p65 activity by 
ELISA in the retinal extracts of all animal groups; I, II, III, IV, V, 
VI (Fig. 4A). The over-expression of VEGF in the non-treated 
Rho/VEGF retinas, caused a significant (***P<0.001) 
(99.02% ± 1 .3) upregulation in NFKB/p65 binding activity, as 
compared to retinas that were isolated from nontransgenic 
C57BL/6 control group. Intravitreal administration of SN50 or 
YC-1 resulted in a significant (***P<0.001) inhibition in NFkB 
binding activity, as compared to their respective controls; SN50M 
and DMSO-treated retinas. The extent of NFKB/p65 inhibition 
with SN50 and YC-1 was found to be (82.52% ±0.6) and 
78.21 ±0.9) as compared to their respective controls; SN50M- 
and DMSO-treated retinas. 

VEGF Has No Impact on HIF-1 a Transcriptional Activity in 
the rho/VEGF Mouse Model 

In order to absolutely verify that rho/VEGF mouse model 
develops subretinal NV in an ischemia-independent microenvi- 
ronment, we investigated the influence of VEGF signaling 
pathway upon HIF-1 a transcriptional activity in this mouse 
model. Our results demonstrated that VEGF overexpression in the 
rho/VEGF mouse didn't induce HIF-1 a transcriptional activity 
and (Fig. 4B), whereas this endogenous activity was significantly 
inhibited by the use of YC-1. Since this is an ischemia- 
independent mouse model, it was not surprising to find that the 
level of HIF-1 a transcriptional activity was comparable to the level 
of HIF-1 a transcriptional activity in the C57 negative control 
mouse. 

YC-1 Downregulates the Angiogenic Gene Expression 
Profile in the Rho/VEGF Mice 

To elucidate the molecular mechanisms involved in the 
regulation of VEGF-induced subretinal NV in the rho/VEGF 
transgenic mice; the retinal levels of; NFi<B/p65 , SDF-1, CXCR4, 
FAK, a5, [U, EPO, ET-1, and MMP-9 mRNA were evaluated on 
P24, by quantitative real time RT-PCR with data normalized to (3- 
actin, and using the appropriate primers sets (Fig. 5J). Data 
analysis of the mRNA levels exhibited systematic variation in the 
gene expression patterns among various groups of retinal samples. 
There was a significant upregulation of NFKB/p65, FAK, u5, pi, 
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Figure 2. The Inhibition of Subretinal NV by YC-1 in the rho/VEGF Mouse Model. Retinal whole-mounts in mice perfused with fluorescein- 
labeled dextran. The retinas were examined by fluorescence microscopy, and representative retinal angiographs were obtained to illustrate the 
control group (group I) and all other groups (group II, III, IV, V, and VI) at different magnifications; upper panel is at low magnification (50x), while the 
lower panel is at high magnification (400 x). Fluorescence microscopy was conducted in a fashion that provides a narrow depth of the field so that 
when focusing on the outer edge of the retina, it will enable subretinal focus for neovascular buds on the outer surface of the retina, meanwhile the 
retinal vessels are out of focus in the background, which allows easy delineation of the subretinal NV. The outer edge of the retina, which 
corresponds to the subretinal space in vivo, is easily identified and therefore from slide the focal plane was standardized. Panels represent retina from 
C57BL/6 (P24) mouse, which exhibits a homogeneous normal delicate vessel pattern throughout the retina, and no presence for vascular lesions. 
Different subgroups of rho/VEGF transgenic mice were given sextuple intravitreal injections of DMSO (0.2%), or SN50M (20 |jJvl), or SN50 (20 |iM), or 
YC-1 (100 \iM), at P6, P9, PI 2, P15, P18, and P21, or were left untreated. Compared with eyes injected with DMSO and SN50M, there appeared to be 
fewer neovascular buds on the outer surface of the reti na in the eyes that were injected with YC-1 and SN50, respectively (arrows). There was a 
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significant reduction in the number of subretinal neovascular buds in the retinas of the YC-1- and SN50-treated groups as compared to the DMSO- 
and SN50M-injected retinas. Likewise, nontreated rho/VEGF mouse group revealed the presence of multiple large areas of numerous vascular foci 
(arrows). Image analysis confirmed no difference between vehicle-treated retinas and retinas from mice that were left untreated. Scale bars: upper 
panels, 200 |im; lower panels, 100 urn. 
doi:1 0.1 371 /journal.pone.01 01 602.g002 



EPO, ET-1, and MMP-9 mRNA levels in group II animals, as 
compared to retinas from group I (Fig. 5A-I). At P21 and P24 and 
despite the sustained expression of VEGF, there were no 
detectable differences in the levels of CXCR4 and SDF-1 mRNA 
expression amongst the retinas of all groups (Fig. 5B and 5C). As 
predicted, NFKB/p65 upregulation was significantly attenuated by 
the NFkB inhibitor SN50 as compared to the retinas that were 
treated with its negative control mutant peptide SN50M (Fig. 5A). 
Whereas sextuple intravitreal injections with SN50 caused a 
significant downregulation in the message levels of FAK, a5, f>l, 
EPO, ET-1, and MMP-9 as compared with its negative control 
mutant peptide SN50M (Fig. 5A-I). Furthermore, our data 
revealed that at P24, a sextuple intravitreal injection-regimen 
with YC- 1 resulted in significant attenuations in the message levels 
of NFi<B/p65, FAK, a.5, pi, EPO, ET-1, and MMP-9 as 
compared with DMSO-treated retinas (Fig. 5A-I). 

YC-1 Inhibits the Angiogenic Protein Expression in the 
Rho/VEGF Mice 

Non-treated retinas of the C57BL/6 mice revealed the cytoplas- 
mic staining pattern for NFKB/p65 in the inner limiting 
membrane (ILM) and the cells of the nerve fiber layer (NFL), 
ganglion cell layer (GCL) and the outer plexiform layer (OPL), 
with moderate staining in the cells of the inner plexiform layer 
(IPL). In contrast, there was very weak immunoreactivity in the 
cells of the inner nuclear layer (INL). Furthermore, SDF-1 staining 
was weak "focal," sporadic, and occurred primarily in the outer 
plexiform layer (OPL). Whereas CXCR4 staining was faint and 
was mainly exhibited in the GCL and INL of the retina. In 
addition, there was a weak FAK expression in the INL. The 
expression of otSpi was primarily localized in the retinal pigment 
epithelium (RPE). Moreover, EPO exhibited moderate immuno- 
reactivity, which was primarily localized in the NFL, GCL, OPL 
and IPL. The staining signals of ET- 1 were primarily detected in 
the IPL, GCL and NFL. The retinas also exhibited a very low level 
of MMP-9 immunoexpression that was detectable in the NFL, 
GCL, IPL and OPL (Fig. 6, Fig. 7, Fig. 8. Fig. 9, Fig. 10, Fig. 1 1 
and Fig. 12). 

Retinas, of the rho/VEGF mice exhibited a significant upregula- 
tion of nuclear NFKB/p65 immunoreactivity in the nuclei of the 
INL, NFL, and the GCL; especially in retinal ganglion cells 
(RGCs), displaced amacrine cells, and amacrine cells, whereas a 
weak immunoreactivity in the OPL and IPL. Furthermore, SDF- 1 
staining was weak, sporadic, and occurred primarily in the inner 
border and the OPL of the retina and its expression in the retinas 
of Rho/VEGF mice was no different from what we have observed 
in the nontransgenic control mice. In addition, CXCR4 immu- 
noreactivity was primarily displayed in inner retina, specifically the 
GCL and INL. Moreover, there was a significant increase in the 
level of FAK expression in the INL. The expression of a5 (5 1 was 
highly augmented in the RPE. In addition, EPO immunoreactivity 
was upregulated within the NFL, GCL, OPL, and IPL, i.e., the 
neurosensory retina. Furthermore, there was an upregulation in 
ET-1 immunoexpression within the NFL and GCL, as well as 
strong staining signals, which were localized in the innermost 
region of the IPL. There was a significant upregulation of MMP-9 
immunoreactivity NFL, GCL, and OPL (Fig. 6, Fig. 7, Fig. 8, 
Fig. 9, Fig. 10, Fig. 11 and Fig. 12). 



DMSO-treated retinas displayed immunoreactivities compara- 
ble with those of non-treated rho/VEGF-treated retinas. There 
was a significant upregulation in the staining intensity of nuclear 
NFKB/p65 in the nuclei of the INL, GCL and NFL, as well as a 
significant augmentation in the levels of FAK, a5(3l, EPO, ET-1, 
and MMP-9 immunoexpression compared to that in the YC-1- 
treated retinas (Fig. 6, Fig. 7, Fig. 8 Fig. 9, Fig. 10, Fig. 11 and 
Fig. 12). 

SN50M-treated retinas exhibited NFKB/p65 immunoreactivity 
that resembled the retinas of the non-treated rho/VEGF-treated 
mice. The staining intensity of nuclear NFKB/p65 in the nuclei of 
the INL, GCL and NFL, was significantly over-expressed as 
compared to that in the SN50-treated retinas (Fig. 6, Fig. 10 and 
Fig. 12). 

SN50-lreated retinas demonstrated a significant decrease in 
NFKB/p65 immunoexpression as compared to SN50M-treated 
retinas. The influence of SN50 resembled the influence of YC-1 on 
NFKB/p65 expression in the treated retinas (Fig. 6, Fig. 10 and 
Fig. 12). 

YC-1 -treated retinas displayed a significant (***P<0.001) 
inhibition in the immunoexpression of nuclear NFKB/p65, FAK, 
0t5pi, EPO, ET-1, and MMP-9 as compared to DMSO-treated 
retinas (Fig. 6, Fig. 7, Fig. 8, Fig. 9, Fig. 10, Fig. 1 1 and Fig. 12). In 
addition, the immunoexpression of SDF-1 and CXCR4 were no 
different from what was noted in the rho/VEGF transgenic mice. 
Since YC-1 treatment did not inhibit P-actin, this indicates that 
YC-1 influence on the expression of the above proteins was 
specific (Fig. 6, Fig. 7, Fig. 8. Fig. 9, Fig. 10, Fig. 11 and Fig. 12). 

Discussion 

Retinal NV is a prevalent cause of blindness and is the focus of 
intensive efforts to find selective molecular treatments. Retinal 
ischemia is the central pathologic feature of retinal NV and one of 
its major consequences is the upregulation of VEGF [16]. 
Furthermore, retinal NV is suppressed by agents that neutralize 
VEGF [17] or block VEGF receptors [18,19]. In this study we 
have utilized the rho/VEGF mouse model of ocular NV. This 
transgenic mouse model develops increased expression of VEGF 
in the retina, and in the absence of hypoxia starting at P7 [12,20]. 
The measurement of VEGF expression in this mouse model is very 
well documented. At PI 6, the level of VEGF mRNA is roughly 
fivefold higher than that in P16 wild-type mice [20]. Despite the 
absence of ischemia in the rho/VEGF transgenic mouse model, 
VEGF remains the pivotal stimulator for ocular NV. The question 
therefore arises as to the molecular mechanism of ischemia- 
independent NV. It is noteworthy that many pro-angiogenic 
factors are mediated by NFkB activation, suggesting its crucial 
contribution to the pathogenesis of intraocular NV. Whereas the 
activation of NFkB in response to VEGF have been reported in 
several studies [9,21,22,23]; other reports have demonstrated the 
inhibition of NFkB in response to VEGF [24]. The pathological 
setting of the rho/VEGF mouse model may suggest that increased 
VEGF expression in the retina is the primary cause for the 
pathological microenvironment that is not accompanied by retinal 
ischemia, which in turn causes the upregulation of various 
proangiogenic mediators and ultimately promoting subretinal 
NV. Blunting the VEGF-signaling with a small molecule like YC-1 
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Figure 3. A-C. Quantification of Subretinal NV in Various Control and Experimental Groups. Metamorph image-analysis software was 
used to compute the number and area of neovascular lesions and the total area of NV on the outer surface of each retina. The figure displays; A) the 
number of NV lesions per retina; B) the total neovascular area per retina; and C) the average neovascular lesion per retina. Mice that were treated with 
YC-1 and SN50 had; 1) significantly fewer neovascular lesions, 2) significantly smaller NV area per retina, and 3) smaller area of NV lesion per retina, 
than did mice that were treated with DMSO and SN50M, respectively. Image analysis confirmed that there was no difference between DMSO- and 
SN50M-treated mice and mice that were left untreated. 
doi:1 0.1 371 /journal.pone.01 01 602.g003 



would also blunt the increase in the downstream pro-angiogenic 
factors suggesting that it is the high levels of VEGF that promote 
the exacerbation of subretinal NV. 

YC-1 is a small molecule that inhibits HIF-1 in vivo and in vitro 
[25,26,27]. Previously, we have demonstrated that YC-1 exhibited 



pleiotropic effects, which impaired ischemia-induced expression of 
HIF-1 and its downstream angiogenic molecules, such as VEGF, 
EPO, and ET-1, leading to the inhibition of retinal NV in the 
oxygen-induced retinopathy (OIR) mouse model [27]. Further- 
more, previous data demonstrated that nonischemic microenvi- 
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Figure 4. A. The Suppression of VEGF-lnduced NFkB Transcriptional Activity by YC-1 in rho/VEGF Mouse Model. The graph illustrates 
the suppression of NFkB DNA-binding activity by YC-1 in the retinas from different subgroups of rho/VEGF transgenic mice as compared to normal 
C57BL/6 mice. ELISA assay was done after 1 8 hours of incubation with YC-1 , or SN50, or DMSO, or SN50M. Columns represent the means derived from 
three individual experiments. *P<0.05; **P<0.01; ***P<0.001 , as compared with controls (C57BL/6 mice). The bars in show the mean (±S.E.M.) of 
NFkB transcriptional activity, which was significantly less in eyes treated with YC-1 and SN50 as compared to the eyes that were treated with DMSO or 
SN50M. B. The Role of VEGF on HIF-1a Transcriptional Activity in rho/VEGF Mouse Model. The DNA binding activity of HIF-1 a was 
evaluated using an HIF-1 a transcription factor assay kit. Our results demonstrated that VEGF overexpression in the rho/VEGF mouse didn't induce 
HIF-1 a transcriptional activity, whereas this activity was inhibited by the use of YC-1. 
doi:1 0.1 371 /journal.pone.01 01 602.g004 
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Sense real-lime PGR primer 


Antiense real-time PCR primer 


NF-KBp65 


CTTCTG GGCCATATGTG G AGAT 


TCGCACTTGTAACGGAAACG 


SDF-1 


GAGAG CC ACATCGCC AGAG 


TTTCGGGTCAATGCACACTTG 


CXCR4 


AGCATGACG G AC AA G T AC C 


GATGATATGGACAGCCTTACAC 


a5 


CATTTCCGAGTCTGGGCCAA 


AGGCTTGAGCTGCTTT 


P1 


TGTTCAGTGCAGAGCCTTCA 


CCTCATACTTC G ATTG AC C 


ET-1 


TCGTCCCTGATGGATAAAGAGTGTGTC 


GGTCACATAAC G CTCTCTG G AGGG CTT 


MMP-9 


CCTCACCTGGCCCCACAAG 


CTGCAGGAGGTC GTAG G TC 


FAK 


AGGGTCTGATGAAGCACCAC 


ACTGGATCTCGGGCTAGGAT 


EPO 


CGAGTTCTG GAGAG GTACATC 


TGACTTTGGTATCTGGGACTG 


Beta Actin 


CT AC AATG AG CTGCGTGTGG 


AAGGAAGGCTGGAAGAGTGC 
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Figure 5. A-l. The Activation of NFkB and Downstream Angiogenic Genes in the rho/VEGF Mouse Model. The mRNA levels for the 
genes; NFhcB/p65, a5, /??, ET-1, MMP-9, FAK and EPO, were quantified by Real time RT-PCR. Selected experiments, which measured the mRNA levels of 
NFKB/p65, indicated that YC-1 and SN50 downregulated the mRNA levels of NFi<B/p65 as compared to DMSO or SN50M-treated retinas, respectively. 
For the other genes listed above, the mRNA levels were upregulated in the DMSO-treated retinas and the rho/VEGF group that was left untreated. In 
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contrast, retinas from YC-1 -treated retinas exhibited a significant downregulation of the mRNA expression as compared to retinas that were treated 
with DMSO. Despite the sustained expression of VEGF, there were no detectable differences in the levels of CXCR4 and SDF-1 mRNA expression in the 
animals of all groups. ANOVA was used for statistical analyses. Mean ± SEM of mRNA level normalized to (3-actin were calculated, [***P<0.001 and 
**P<0.01, as compared to respective controls]. Data are representative of 3 independent experiments. J. Sequence for the Primer Sets Used for 
the Quantitative Real-Time PCR Analysis. 
doi:1 0.1 371 /journal.pone.01 01 602.g005 



ronment may also induce retinal neovascularization [28,29]. We 
have selected YC-1 as a pharmacological inhibitor in this study for 
various reasons: i) YC-1 is a small molecule, which activates 
soluble guanylyl cyclase (sGC) independently of nitric oxide (NO) 
in vivo [10]. Hence, based on our current investigation, it is 
tempting to speculate that downregulation of NFkB expression 
and its functional activity by YC-1 is mediated via the sGC- 
dependent mechanism involving the suppression of transcriptional 
activity of NFkB; ii) YC-1 has pleiotropic effects that influence 
various downstream signaling pathways; in) Our previous "in 
vitro" studies have demonstrated that VEGF treatment in human 
retinal microvascular endothelial cells promoted NFKB/p65 
activation via; 1) upregulating the phosphorylation status of IkBoi 
and increasing its intrinsic hydrolysis activity; 2) promoting the 
nuclear accumulation of p65; and 3) increasing the NFkB activity. 
Whereas YC-1 treatment induced the downregulation of the 
NFKB/p65 activation by preventing IkBoc degradation, and hence 
inhibiting the nuclear translocation of NFKB/p65 subunit [9]; iv) 
YC-1 blunts the increase in the downstream pro-angiogenic 
factors, which promote the exacerbation of subretinal NV; v) 
earlier studies have indicated that high concentrations of YC-1 
inhibited NFKB/p65 activation and induced apoptosis in human 
prostate cancer cells [11]. Furthermore, YC-1 inhibited cytokine 
release and NFKB/p65 activation in endo toxemic mouse models 
[30]. In addition, other studies have demonstrated that the 
signaling pathways of NFKB/p65 activated by LPS were also 
inhibited by YC-1. In toto, this report suggests that inhibition of 
NFkB expression and activity by YC-1 may provide therapeutic 
benefits in retinal diseases associated with enhanced VEGF and 
NFkB, such as ischemia-independent retinal microvasculopathies 
[15,27,31,32,33,34,35,36]. 

During this investigation, we have specifically selected P6 as the 
initiation point for YC-1 injection since previous studies have 
indicated that the onset of VEGF expression in the photoreceptors 
of rho/VEGF transgenic mice is on approximately P6. At P10 the 
mice develop sprouts of NV from the deep capillary bed of the 
retina that grow through the photoreceptor layer and form an 
extensive network of new vessels in the subretinal space. This is 
followed by an increase to a steady-state level by about P 1 4, and is 
sustained for at least several months throughout adulthood 
[12,20]. We have utilized the intravitreal administration of YC-1 
as a method of drug delivery, because this route delivers the drug 
in close proximity to the localization of the pathology, while the 
vitreous serves as a drug reservoir, which keeps the drug longer at 
the site. In addition, the sextuple injection regimen, which 
implemented in this study, was used to maximize chances of 
success for proof of concept, but is not ideal for clinical application, 
despite that implementing the same modality (multiple intravitreal 
injections) have been previously reported in various investigations 
[37,38,39,40,41]. The selection criterion of sextuple injection 
regimen was based on the standards, which we have established 
throughout our previous studies. These standards have indicated 
the IC50 of YC-1 at 48 hours was 55.30±0.1 mom [26]. Since we 
didn't have any differences between these control groups 
highlighted above, it can be safely concluded that the effects of 
injection or DMSO is nullified. 



Throughout this report we demonstrated that NFKB/p65 
expression was elevated in the retinas of rho/VEGF transgenic 
mice. Previously, we have reported that in cultured human retinal 
microvascular endothelial cells (hRMVECs), the induction of 
NFkB/ P 65 by VEGF is blunted by YC-1 in a hypoxia- 
independent manner [9]. The utilization of the specific NFkB 
inhibitor during this investigation has substantiated that YC-1 
share one common target (NFkB) with SN50. To some degree, our 
data have shown the effects of SN50 have duplicated the effects of 
YC-1. However, as compared to SN50-treated retinas, retinas that 
were injected with YC-1 exhibited a significant formation of new 
and healthy vessels, i.e., physiological revascularization, which 
occupied the entire retina. As predicted, NFKB/p65 upregulation 
was significandy attenuated by the NFkB inhibitor SN50 as 
compared to the retinas that were treated with its negative control 
mutant peptide SN50M (Fig. 5A). Taken together, our data 
indicate that SN50 has duplicated many of the same activities as 
YC-1. Immunohistochemistry data demonstrate the absence of 
nuclear NFKB/p65 signal in the normal retinas of C57BL/6 mice. 
In contrast, rho/VEGF of age-matched mice exhibited a 
significant upregulation of nuclear NFKB/p65 in the NFL, GCL 
and the INL, especially in RGCs, amacrine cells and displaced 
amacrine cells. This may suggest that increased expression of 
VEGF in the retinal photoreceptors enhances NFkB activity, 
leading to the upregulation of various pro-angiogenic factors 
including; FAK, a5(5l, EPO, ET-1, and MMP-9, which ultimately 
promotes subretinal NV (Fig. 13). Our findings exhibit the 
changes, which may have occurred throughout the ischemia- 
independent mechanism and have emerged throughout numerous 
anatomical layers of the retina, regardless of the degree of the 
vascularity. Our data demonstrate that VEGF-stimulated effects 
are mediated via the activation of NFKB-signaling pathway, and 
YC-1 significandy inhibits such activity. 

We have decided to measure SDF-1 and CXCR4 expression, 
because NFkB is an essential and ubiquitous transcription factor 
for the expression of many angiogenic-related genes, including 
SDF-1 and CXCR4 integrins. Several studies have reported the 
intimate relationship between the stimulation of SDF-1 /CXCR4 
and the activation of NFkB signaling. Furthermore, it's been 
indicated that stimulation of human hematopoietic cells by SDF- 1 
activates NFkB in a PI-3K-AKT-dependent manner [42] . Other 
studies have indicated that SDF-la/CXCR4 activates NFkB and 
promotes oral squalors cell carcinoma invasion [43]. Moreover, 
throughout this investigation we have measure FAK expression for 
the followings reasons; 1) it's been revealed that FAK activates 
NFkB via ERK1/2 and p38MAPK pathways; 2) Several studies 
have indicated the importance of FAK in influencing distinct steps 
of the angiogenic response [44] and suggested that FAK 
overexpression induces enhanced pathological retinal angiogenesis 
[45]; 3) recent studies have defined a new mechanism, which 
demonstrated that VEGF-induced migration of endothelial cells is 
dependent on FAK. It is noteworthy that there were several 
reasons that prompted us to investigate the oc5 and (51 expressions 
in this study and these reasons are; 1) it has been revealed that 
engagement of the 0(5 P 1 integrin promotes an NFKB-dependent 
program of gene expression that coordinately regulates angiogen- 
esis and inflammation; 2) Prior evidence have suggested that a5p"l 
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Figure 6. The Expression of NFkB and Downstream Angiogenic Proteins in rho/VEGF Mouse Model. Immunohistochemical analysis of 
NFKB/p65, FAK, cx5pi, EPO, ET-1, and MMP-9, has indicated the expression levels of these proteins were significantly elevated in the rho/VEGF retinas 
that were left untreated. YC-1 -treated retinas exhibited a significant decrease in the protein expression levels as compared with DMSO-treated 
retinas. Despite the sustained expression of VEGF, there were no detectable differences in the levels of CXCR4 and SDF-1 protein expression amongst 
the animals of all groups. Retinas were examined at 100x objective. Scale bar, 100 ^m. 
doi:1 0.1 371 /journal.pone.01 01 602.g006 
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Figure 7. The Expression of NFkB and Downstream Angiogenic Proteins in rho/VEGF Mouse Model. Immunohistochemical analysis of 
NFKB/p65, FAK, a5|31, EPO, ET-1, and MMP-9, has indicated the expression levels of these proteins were significantly elevated in the rho/VEGF retinas 
that were left untreated. YC-1 -treated retinas exhibited a significant decrease in the protein expression levels as compared with DMSO-treated 
retinas. Despite the sustained expression of VEGF, there were no detectable differences in the levels of CXCR4 and SDF-1 protein expression amongst 
the animals of all groups. Retinas were examined at lOOx objective. Scale bar, 100 |rm. 
doi:1 0.1 371 /journal.pone.01 01 602.g007 



integrin activates the NF-kB pathway in fibroblasts and endothe- 
lial cells [46] , which imply that a5 f3 1 -mediated NF-kB signaling is 
important for angiogenesis. It is noteworthy to mention that in rat 
RGCs, stimulation of the (31 integrin receptor with laminin, or 



agonist antibodies enhanced RGC survival in correlation with 
activation of |3l integrins' major downstream regulator, FAK. 
Furthermore, (31 integrin binding and FAK activation were 
required for retinal ganglion cell's (RGC) survival response to 
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Figure 8. The Expression of NFkB and Downstream Angiogenic Proteins in rho/VEGF Mouse Model. Immunohistochemical analysis of 
NFKB/p65, FAK, cx5pi, EPO, ET-1, and MMP-9, has indicated the expression levels of these proteins were significantly elevated in the rho/VEGF retinas 
that were left untreated. YC-1 -treated retinas exhibited a significant decrease in the protein expression levels as compared with DMSO-treated 
retinas. Despite the sustained expression of VEGF, there were no detectable differences in the levels of CXCR4 and SDF-1 protein expression amongst 
the animals of all groups. Retinas were examined at 100x objective. Scale bar, 100 ^m. 
doi:1 0.1 371 /journal.pone.01 01 602.g008 



laminin. Thus, disruption of homeostatic RGC-laminin interac- 
tion and signaling leads to cell death after retinal ischemia. These 
data demonstrate that (31 integrin-focal adhesion kinase (FAK) 
signaling modulates retinal ganglion cell (RGC) survival [47]. 



Our current study demonstrates that YC-1 treatment regimen 
had significant anti-angiogenic effects that were mediated via 
suppression of VEGF/NFKB/p65 axis. Hence, targeting the nexus 
between VEGF and NFKB/p65 may act in a negative feedback 
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Figure 9. The Expression of NFkB and Downstream Angiogenic Proteins in rho/VEGF Mouse Model. Immunohistochemical analysis of 
NFKB/p65, FAK, cx5pi, EPO, ET-1, and MMP-9, has indicated the expression levels of these proteins were significantly elevated in the rho/VEGF retinas 
that were left untreated. YC-1 -treated retinas exhibited a significant decrease in the protein expression levels as compared with DMSO-treated 
retinas. Despite the sustained expression of VEGF, there were no detectable differences in the levels of CXCR4 and SDF-1 protein expression amongst 
the animals of all groups. Retinas were examined at 100x objective. Scale bar, 100 ^m. 
doi:1 0.1 371 /journal. pone.01 01 602.g009 



loop to suppress subretinal NV (Fig. 13). This investigation 
presents a new role for NFkB in ischemia-independent ocular 
pathologies, which may range from an innocent bystander to 
major culprit. In addition, our study demonstrated that VEGF 



overexpression in the rho/VEGF mouse didn't induce HIF-la 
transcriptional activity, while the endogenous HIF-1 activity was 
significandy abolished by the use of YC-1. Moreover, the data that 
were presented in this study demonstrate that YC-1 may have the 
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Figure 10. Quantitative Assessments of Retinal Immunohistochemical Staining Analyses. Retinal tissue specimens were compared 
between normal C57BL/6, non-treated rho/VEGF, and all other treatments. The collected images of the retinas were imported to the image analysis 
system Metamorph 7.1. All image analyses were conducted in a masked fashion. Values obtained from at least 5 retinal fields were used to calculate 
the average pixel intensity value per retina. Bar graphs exhibit the intensity of staining of various proteins in all groups. The area of staining was 
measured in (um 2 /um 2 ) in all groups. Values (mean ± SEM), from 3 separate experiments from at least 10 images from 4 different eyes/group. (***p< 
0.001 and **P<0.01). Data are representative of 3 independent experiments. 
doi:1 0.1 371 /journal.pone.01 01 602.g010 
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Figure 11. Quantitative Assessments of Retinal Immunohistochemical Staining Analyses. Retinal tissue specimens were compared 
between normal C57BL/6, non-treated rho/VEGF, and all other treatments. The collected images of the retinas were imported to the image analysis 
system Metamorph 7.1. All image analyses were conducted in a masked fashion. Values obtained from at least 5 retinal fields were used to calculate 
the average pixel intensity value per retina. Bar graphs exhibit the intensity of staining of various proteins in all groups. The area of staining was 
measured in (um 2 /um 2 ) in all groups. Values (mean ± SEM), from 3 separate experiments from at least 10 images from 4 different eyes/group. (***p< 
0.001 and **P<0.01). Data are representative of 3 independent experiments. 
doi:1 0.1 371 /journal.pone.01 01 602.g01 1 
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Figure 1 2. Immunohistochemical Profile of Retinal Layers among the Various Mouse Groups. The retinal layers stained vividly. However, 
the grain intensity varied significantly from one layer to another. The intensity of immunoreactivity was graded as follows: strong (+++), moderate (++), 
weak (+), negative (— ) (A). Retinal tissue specimens of YC-1 treated groups were compared to normoxic, non-treated rho/VEGF retinas, DMSO-treated- 
rho/VEGF mice and YC-1 -treated rho/VEGF mice. 
doi:1 0.1 371 /journal.pone.01 01 602.g01 2 



potential to be a novel and potent drug to reduce subretinal NV in 
ocular vasculopathies. Additional studies are needed to elucidate 
the mechanism(s) by which YC-1 works in subretinal NV and find 
ways to exploit its anti-angiogenic activity in the development of 
appropriate treatments. Further studies may elucidate whether 
YC-1 can be a therapeutic option for patients with ischemia- 
independent ocular microvasculopathies. These findings, com- 
bined with previous studies superimposing the role of VEGF in the 
retinal injury with or without the presence of ischemia [14,48], 



should help elucidate the role played by dys/regulation of 
angiogenic pathways in response to retinal injury. However, we 
must acknowledge that hyperglycemia; hypertension and dyslipi- 
demia may also play crucial roles in instigating retinal vasculo- 
pathies, such as diabetic retinopathy. Other players including 
reactive oxygen species (ROS), dysregulation of nitric oxide 
synthase (NOS), formation of advanced glycation endproducts 
(AGEs), signal transducers and activators of transcription proteins 
and activator protein 1 (API) [49,50] should be considered as 
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Figure 13. Schematic Representation of NFkB Molecular Signaling in Ischemia-Independent Microenvironment and the Effects of 
YC-1. NFkB/p65: Nuclear Factor Kappa B/P65; 75(11: Integrin Alpha-5 Beta-1; ET-1: Endothelin-1; MMP-9: Matrix Metalloproteinase-9; 
FAK: Focal Adhesion Kinase; EPO: Erythropoietin. 
doi:10.1371/journal.pone.0101602.g013 
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additional players that promote retinal vasculopathies. Finally, 
whether YC-1 invokes direct eflect(s) on autocrine VEGF 
production/exocytosis and/or autocrine VEGF/VEGFR signal- 
ing [51] in the rho/VEGF mouse model remains to be addressed 
(Fig. 13). 
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